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In this report, we have studied gene expression profiles in human primary lung fibroblasts (IMR-90) during the very early phase of an
adenovirus infection. Eight out of twelve genes with known functions encoded transcription factors linked to two major cellular processes;
inhibition of cell growth (ATF3, ATF4, KLF4, KLF6 and ELK3) and immune response (NR4A1 and CEBPB), indicating that the earliest
consequences of an adenovirus infection are growth arrest and induction of an immune response. A time course analysis showed that the induction
of these immediate-early response genes was transient and suppressed after the onset of the adenovirus early gene expression.
© 2006 Elsevier Inc. All rights reserved.Keywords: Adenovirus; Microarray; Immediate response; Gene expressionIntroduction
Human adenoviruses have a non-enveloped icosahedral
capsid containing a double-stranded DNA genome of 36 kb.
They infect epithelial cells of the upper and lower respiratory
tract, the gastrointestinal tract and the eye. The infection begins
when the adenovirus particle attaches to the so-called CAR
receptor through the distal knob domain of the viral fiber protein
(Bergelson et al., 1997; Freimuth et al., 1999; Roelvink et al.,
1999). Following attachment, the adenovirus penton base binds
to the extracellular domain of αvβ5 integrins, thereby triggering
virus entry through clathrin-coated endocytosis. So far, knowl-
edge about the immediate effects that are triggered by these
initial steps of the infection is limited. CAR, which belongs to
the Ig superfamily, interacts with Ligand-of-Numb protein-X
(LNX) or LNX2, PDZ domain proteins involved in subcellular
localization of signaling complexes (Mirza et al., 2005;
Sollerbrant et al., 2003). LNX is an E3 ligase that is implicated
in the regulation of Notch signaling (Nie et al., 2002). Integrins,
on the other hand, activate several signaling pathways during an
adenovirus infection (Greber, 2002; Meier and Greber, 2004).⁎ Corresponding author. Fax: +46 18 471 4808.
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doi:10.1016/j.virol.2006.06.019Activation of the lipid kinase PI3K, the adaptor protein
p130CAS, the cdc42 and rac1 Rho GTPases by integrins,
promotes actin dynamics and vesicular trafficking of the virus.
Further transport of the virus along the microtubules is
facilitated by integrin-activated cAMP-dependent protein
kinase A (PKA) (Suomalainen et al., 2001). Following
endocytosis, adenovirus activates the MAP kinase pathways
p38 and ERK (Suomalainen et al., 2001; Tibbles et al., 2002),
which have impact on the induction of a host immune response.
These initial steps in the adenovirus infection trigger a first line
of alert signals within the cell. So far, little is known about the
exact nature of the target genes. To approach this question, we
have used the cDNA microarray technique to study the changes
in the cellular gene expression profile in primary human cells at
1 and 2 h after infection with adenovirus type 2.
Results
Immediate induction of cellular genes in response to incoming
adenovirus
When established tissue culture cells, such as HeLa cells,
are used, adenovirus infection leads to a swift translocation of
viral DNA to the nucleus and the onset of virus gene
2 Rapid Communicationexpression within 2 h. To extend the time span between virus
attachment and viral gene expression, synchronized human
primary lung fibroblasts (IMR-90) were used in this study. A
complete lytic virus cycle in IMR-90 cells requires approxi-
mately twice the time compared to HeLa cells. In particular,
transcription of the adenovirus E1A gene was not detected
until 12 h post-infection (hpi) and viral DNA replication
commenced first at 24 hpi (data not shown). Using cDNA
microarray chips containing 46,000 cDNAs, twenty-four
cellular genes were identified demonstrating more than 1.8-
fold induction within 2 h after adenovirus infection. Gene
information was available for 18 clones, whereas the functions
of six clones were not known. To confirm the DNA microarray
results, quantitative real-time PCR (QRT-PCR) was performed
for the 18 genes with known functions. As shown in Table 1,
consistent results were obtained for 12 of the genes, although
QRT-PCR measurements generally showed a slightly higher
fold change compared to the microarray data. Six genes could
not be validated due to low or very weak QRT-PCR signals
and were therefore omitted from the results.
Most of the immediate response genes encode transcription
factors
Eight out of the twelve named genes encoded transcription
factors. Six of these, ATF3, ATF4, KLF4, KLF6, ELK3 and
GABPB2, are implicated in cell growth arrest, whereas
CEBPB and NR4A1 are involved in the antiviral immune
response and in apoptosis. ATF3 and ATF4 are members of
the ATF/CREB subfamily of basic-region leucine zipper
proteins (bZIP), which are induced by stress. KLF4 and
KLF6 are members of the Krüppel-like transcription factor
family of zinc-finger proteins (KLFs). KLF4 and KLF6 areTable 1
List of genes induced by adenovirus at 1 and 2 h post-infection
Category Clone ID Symbol 1 hpi 2
Array RT-PCR A
Transcription 51448 ATF3 2.82a 9.14b 3
949971/2562955 ATF4 –c 2.00 2
731292 KLF6 1.63 7.31 2
2503571 KLF4 1.63 7.94 3
1550776 ELK3 1.80 2.51 –
2515027 GABPB2 – 1.57 1
309893 NR4A1 1.46 3.09 1
161993 CEBPB – 2.44 1
Signaling 784593/415851 ARHE 2.07 3.09 2
2516356 RGS4 – 2.81 1
Other 788232 SESN2 – 1.36 2
549349 SLC38A2 – 2.10 1
Unknown 66937 2.00 2
1892526 1.71 2
124661 3.60 –
1712407 1.88 –
667883 1.34 1
1539576 1.80 –
aMicroarray analysis and bquantitative real-time PCR detection of the change (fold) of
from cDNA microarray analysis. cData excluded due to low intensity or high variatknown as tumor suppressor genes, and their expression is
associated with growth arrest and DNA damage. GABPB2 is
a subunit of the heterotetrameric GABP transcription factor,
which regulates cell growth and metabolism, and is also a key
regulator of genes important for viral pathogens (Rosmarin
et al., 2004). During adenovirus infection, GABP works
synergistically with ATF/CREB to activate the E4 promoter
(Sawada et al., 1999). ELK3 is a strong transcriptional
repressor of genes promoting G1/S phase progression but is
relieved from its repressive activity when targeted by
activated Ras. CEBPB belongs to the CEBP family of
bZIP transcription factors. They are master regulators and
are induced by inflammatory stimuli and subsequently
activate several acute-phase and cytokine genes. The orphan
nuclear receptor NR4A1 is an immediate-early gene induced
in response to extracellular stimuli. Only a few downstream
target genes of the NR4A1 transcription factor have been
identified, but among these a number of pro-apoptotic genes
are found. Interestingly, independent of its transcription
regulation function, NR4A1 is translocated from the nucleus
to the cytoplasm, where it targets mitochondria and induces
cytochrome c release and apoptosis (Li et al., 2000).
Apart from the transcription factors, two genes, which
function in intracellular signal transduction, were identified.
The RGS4 and ARHE genes encode proteins that act as
negative regulators of small GTP-binding proteins. Transcrip-
tion of the ARHE gene is highly regulated, and it is often
identified as a target in microarray analyses. Increased
expression of ARHE in fibroblasts results in the inhibition of
cell proliferation and blocked formation of actin stress fibers,
which in turn causes loss of cell adhesion (Guasch et al., 1998;
Villalonga et al., 2004). RGS4 is a member of the regulator of G
protein signaling (RGS) family, which has a crucial role inhpi Gene name
rray RT-PCR
.66 10.37 Activating transcription factor 3
.01 4.70 Activating transcription factor 4
.13 3.84 Krüppel-like factor 6
.02 12.49 Krüppel-like factor 4 (gut)
3.58 ELK3, ETS-domain protein (SRF accessory protein 2)
.88 3.99 GA binding protein transcription factor, beta subunit 2
.79 3.79 Orphan nuclear receptor
.90 3.67 CCAAT/enhancer binding protein, beta
.4 2.66 Rho family GTPase 3
.84 2.52 Regulator of G-protein signaling 4
.24 2.63 Sestrin 2
.82 2.28 Solute carrier family 38, member 2
.05
.77
Similar to ferritin, heavy polypeptide-like 17
.92
RNA expression in adenovirus-infected cells as compared to mock-infected cells
ion.
Table 2
Expression kinetics of immediate response genes during the course of an adenovirus infection
Symbol Microarray QRT-PCR
1 h 2 h 1 h 2 h 6 h 12 h 18 h 24 h 30 h 36 h 42 h
ATF3 2.8a 3.7 9.1b 10.4 1.6 −5.1 −1.4 −2.8 −2.2 −1.7 −2.1
ATF4 –c 2.0 2.0 4.7 1.4 −1.1 1.2 −1.5 −1.3 −1.3 −1.9
KLF6 1.6 2.1 7.3 3.8 1.1 −3.7 −5.3 −24.8 −14.5 −22.0 −32.2
KLF4 1.6 3.0 7.9 12.5 1.2 3.1 2.9 −1.2 1.2 1.1 −1.3
ELK3 1.8 – 2.5 3.6 −1.1 1.0 −1.4 −20.5 −3.8 −4.5 −5.8
CEBPB – 1.9 2.4 3.7 −1.1 −1.5 −1.8 −4.0 −6.1 −6.5 −10.2
NR4A1 1.46 1.80 3.1 3.8 −1.7 −3.1 −2.0 −3.6 −2.8 −3.7 −8.9
GABPB2 – 1.88 1.57 4.0 1.2 −2.1 −2.0 −4.8 −3.7 −4.6 −6.5
ARHE 1.75 2.05 3.1 2.7 1.4 1.2 −1.2 −3.8 −1.9 −2.1 −2.7
RGS4 – 1.8 2.8 2.5 1.3 −1.7 −19.0 −30.2 −15.1 −16.8 −27.2
SESN2 – 2.24 1.36 2.6 1.6 1.8 2.2 −1.1 1.5 −1.4 −2.0
a, b and c as described in Table 1.
3Rapid Communicationshutting off G-protein-mediated responses by driving G proteins
into their inactive GDP-bound forms.
Finally, one of the sestrins, SESN2, was also found to be
up-regulated very early after infection. Sestrins are parts of the
antioxidant defense system and have been shown to be up-
regulated following oxidative stress or DNA damage.
Immediate response genes are transiently expressed
Several of the identified genes have a transient expression
induction profile. From the array data, the magnitude of
activation was found to increase slightly between 1 and 2 hpi
(Table 1). To determine the kinetics of expression following
the progression of adenovirus infection, QRT-PCR analysis
was performed using RNA prepared at 6, 12, 18, 24, 30, 36
and 42 hpi. As shown in Table 2, a transient expression
profile was demonstrated for all of the analyzed genes. At
6 hpi, RNA accumulation of most genes had returned to the
same levels as in the uninfected cells. Although different
kinetics and magnitudes were observed, a gradual repression
commenced at 12 hpi, and at 24 hpi, essentially all genes
were repressed. Since expression of adenovirus early genes
was not detected until 12 hpi, the kinetics of activation of the
identified immediate response genes are likely to reflect theirTable 3
List of primers for QRT-PCR analysis
Gene Forward primer sequence (5′→3′)
ARHE AGAGCCAGCCAGAAATTATCC
CEBPB AAACATGGCTGAACGCGTGT
GABPB2 AGCCCATCATTGTGACCATGC
ELK3 ACGAGCCGCAACGAATACAT
ATF4 TTGCCCCCTTCACCTTCTTAC
KLF6 TCAGATGTCAGCAGCGAATCC
RGS4 AGCCATCAGATGAGGCTCCTT
KLF4 CCATTACCAAGAGCTCATGCC
NR4A1 TGCCAATCTCCTCACTTCCCT
SESN2 CCAACAGCAAGCGGATTTTCT
SLC38A2 AGCATGAAGAAGGCCGAAATG
ACTN GAGCTACGAGCTGCCTGACGnormal transient expression profile. From 12 hpi and beyond,
viral gene products probably account for the observed
repression.
Discussion
In previous studies, the host transcription profiles during the
early (6 hpi) and the late phases (10 and 20 hpi) of an
adenovirus type 2 infection in HeLa cells were analyzed using
cDNAmicroarray techniques (Granberg et al., 2005; Zhao et al.,
2003). Regulation of cellular genes involved in antiviral
defense, cell growth arrest and apoptosis infer that the virus
attempts to optimize conditions for virus replication. Since most
early viral genes have reached their maximal expression levels
at 6 hpi in these cells, our previous studies could not define
whether the observed changes in cellular gene expression were
caused by cellular sensing of incoming virus or by the activities
of newly synthesized viral proteins. Using infection with empty
virion or replication-defective adenovirus, Stilwell et al. studied
changes in host cell gene expression in the absence of viral
replication (Stilwell et al., 2003). Their results showed that a
number of genes related to the immune response and stress
response were induced. However, since this analysis was
performed late after infection (24 hpi), the immediate cellularReverse primer sequence (5′→3′)
AGCAGCGCAGTTTTTCCA
TCAACAGCAACAAGCCCGTAG
CTGCAGATTCCACCCGGTTTT
TCCAGCTTCTCCGTCTTGATG
TATCCACTTCACTGCCCAGCT
CAATTTTCCCGAGCTGACCA
TTTCCCCTGCTGCTGGTTT
TTGTGTAGGTTTTGCCGCAG
CCAGCATCTTCCTTCCCAAAG
TGGAAGCAACCCACTTAAGCC
TTCAGAGCAGCTTGCTTGGTG
GTAGTTTCGTGGATGCCACAGGACT
4 Rapid Communicationresponse to incoming adenovirus could not be assessed. In the
present study, we have analyzed the immediate effect on host
cell gene expression by incoming virus at a very early stage of
infection, prior to any detectable viral gene expression.
Microarrays, containing 46,000 cDNAs, were used in order to
obtain a comprehensive view of the changes in the host cell
transcription. Eighteen cellular genes were identified as
regulated between 1 and 2 hpi. The fact that all identified
genes were up-regulated is noteworthy. One explanation is that
the immediate response to an external stimulus results in
transcriptional activation. However, it is also possible that,
depending on mRNA stability, down-regulation of mRNA
expression might escape detection until preexisting pools of
RNA have been degraded.
Eight out of twelve genes, for which functions were
known, encoded transcription factors linked to two major
cellular processes; inhibition of cell growth (ATF3, ATF4,
KLF4, KLF6 and ELK3) and immune response (NR4A1 and
CEBPB). This is consistent with the notion that the primary
response to extracellular stress includes activation of tran-
scription factors, which will subsequently control the second
wave of defense molecules. In addition, two negative signal
regulators RGS4 and ARHE were up-regulated. RGS4 is a
GTPase activating proteins regulator of small G proteins that
drives G proteins, including Rho GTPases, into their inactive
GDP-bound form. Up-regulation of RGS4 indicates that the
infected cell attempts to initiate a growth-arrested state.
ARHE, which is a member of the Rnd subfamily, constitutes
a distinct branch of Rho proteins. Transient expression of
ARHE has been shown to induce loss of actin stress fibers and
block cell proliferation (Guasch et al., 1998; Villalonga et al.,
2004). It is thus possible that up-regulation of these two
negative regulators of intracellular signaling initiates the alert
phase of the antiviral defense.
Cellular responses to incoming virus can be triggered
through the attachment of virus to membrane receptors, the
entry process of the virus or its intracellular transport along the
microtubules, as well as a possible intracellular recognition of
viral nucleic acid by Toll-like receptors. Previous studies have
identified several cellular signaling pathways, which are
activated immediately after infection (Greber, 2002). MAPK
cascades are key components of the signaling networks that
sense cellular exposure to environmental stress. Importantly,
most of the genes identified in this study are induced by stress or
growth inhibitory signals. Analysis of the presence for potential
transcription factor binding sites in the −600 to +100 promoter
region of the identified genes scored binding sites for the bZIP
factors AP1 and ATF/CREB in all genes except CEBPB, which
instead harbors a closely related NF-E2 binding site (data not
shown). Several reports have demonstrated AP1 and/or ATF/
CREB-dependent activation of these genes during the acute-
phase response. For instance, ATF3 has been shown to be a
target gene of the JNK/MAPK pathway (Hai et al., 1999); c-Jun
and ATF2 are the regulators of the CEBPB gene (Lin et al.,
2002); and NR4A1 is induced through two AP1-like elements
(Liu et al., 1999). Thus, the signaling leading to the induction of
these genes may all converge to the stress-induced responseinvolving the MAPK pathway. Further experiments to validate
the activation of distinct kinases should clarify this issue.
We propose that most of the genes, which are induced at 1
and 2 hpi, reflect the host cell response to incoming virus. The
observed changes have implications for cell survival, either by
causing growth arrest or inducing an alert signal for the cell to
assume further actions. Time course analysis during progression
of the infection showed that the immediately induced genes
returned to levels of expression similar to that of non-infected
cells at 6 hpi, showing the transient nature of the up-regulation.
As the virus infection proceeded, a gradual down-regulation of
the induced genes was observed, culminating at 24 hpi when
essentially all genes identified here were repressed. Down-
regulation of ARHE, NR4A1 and CEBPB has previously been
observed during the late phase of adenovirus infection of HeLa
cell (Granberg et al., 2005). It should, however, be stressed that
the repression of host cell gene expression late after infection is
not an obligate phenomenon. Particular classes of genes
encoding proteins that are essential for efficient virus replication
were activated even at late stages of infection (Granberg et al.,
2005 and Granberg et al., in preparation).
A recent meta-analysis of microarray analyses demonstrates
that genes regulated by diverse microbe infections converge
towards a common set of alert genes. ATF3, ATF4 and ARHE,
which were detected in this study, belong to this category
(Jenner and Young, 2005). Together, these studies indicate that a
set of changes take place during microbial invasions, which
initially are the result of cellular defense. Subsequently, the
microbe attempts to subvert the cellular defense strategies.
Materials and methods
Cell culture, virus infection and RNA isolation
Human primary lung fibroblast cells (IMR-90), purchased
from the American Type Culture Collection, were cultured in
Eagle's Minimum Essential Medium (MEM) with Earle's salt
(GIBCO) supplemented with 10% fetal bovine serum, 100 U/ml
of penicillin, 100 μg/ml of streptomycin, 0.1 mM nonessential
amino acids, 1.5 g/l sodium bicarbonate and 1.0 mM sodium
pyruvate. The IMR-90 cells were synchronized by growth
inhibition through continued cultivation for 2 days after
confluence. At this time, FACS analysis showed that about
94% of the cells were in the G0/G1 phase (data not shown).
Virus infection and RNA extraction were performed as
described before (Zhao et al., 2003). Adenovirus- and mock-
infected cells were harvested at 1 and 2 hpi (for microarray
experiments), as well as at 6, 12, 18, 24, 30, 36 and 42 hpi (for
QRT-PCR analysis). Two sets of total RNAwere prepared from
two independent infections. The quantity and quality of the
RNAwere determined using the RNA 6000 Nano LabChip Kit
and a Bioanalyzer 400 (Agilent Technologies).
cDNA microarray and data analysis
Microarrays containing 46,000 human cDNAs were obtained
from the DNA Microarray Core Facility at the Department of
5Rapid CommunicationBiotechnology, Royal Institute of Technology, Sweden. Ten
micrograms of total RNA was used to generate amino allyl-
labeled cDNA, which subsequently was coupled with either Cy5
orCy3 (GEHealthCare, post-labeling protocol) and hybridized to
cDNA microarrays. Each RNA sample was analyzed on two
arrays, of which one was “dye-swap” labeled. Thus, a total of 8
experimentswere performed, 4 arrays for the 1 hpi and 4 arrays for
the 2 hpi RNA samples. Data collection and normalization were
done as described before (Zhao et al., 2003). Reporters with an
average fold value larger than 1.8 and a coefficient of variation
less than 60% in any of the two time points were considered as
significant and used for further interpretation.
Quantitative real-time PCR (QRT-PCR)
The results obtained from the microarray experiments were
verified by QRT-PCR analysis. In addition, a time course
analysis of the genes identified by the microarray analysis was
also performed using RNA from 6, 12, 28, 24, 30, 36 and
42 hpi. All QRT-PCR analyses were performed using SYBR
green, except for the analysis of ATF3 cDNA, which were done
using a Taqman MGB probe from Applied Biosystems. PCR
primers were designed using Primer Express (Applied Biosys-
tems) (Table 3). For cDNA synthesis, 2 μg of RNAwas reverse-
transcribed using cMaster RT Kit (Eppendorf AG). QRT-PCR
was performed as described previously (Zhao et al., 2003).
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